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Introduction* 



The iron losses in a static transformer consists of 
the loss due to hysteresis and the loss due to eddv currents* 
According to Steinmetz the iron loss is 

W - Kh f V3 ''^ -I- K# (ftBf V 
10^ 10 " 

where 

W = total loss in watts; 

Kais coefficient of hysteresis; 

Ke« coefficient of eddy currents; 

f s frequency in cycles per second; 

Y z volume of iron in core, ou. cm; 

t = thickness of lamination, cm; 

B z maximum flux density, lines per sq* cm; 
It has long "been known that the maximum flux density, 3, 
which is induced in the core of the transformer, is depend- 
ent upon the form of the wave of electrical pressure which 

is applied to the primary windings of the transformer. This 

(1) 

may be demonstrated as follows: 
Let e z instantaneous value of primary voltage, 
i ■ instantaneous value of primary current. 
4> = mean value per turn of Instantar^eous flux link- 
ing the primary and secondary current, 
n z number of turns on the primary 

$ = maximum value of flux. 

(1) Russell's Alternating Currents Vol.11 p. 246. 
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t 



time in seoonds* 



T s period of wave of e^m.f* in seconds* 
A area iinfler one -half of the e.m.f* wave. 
S r cross section of the core in sq. on. 
neglecting the resistance and lealcage drop, which in practice 
are quite small , the instaxitaneous value of e.m.f. nay he 
written 

-8 

e = n d<> 10 



Fron this formula it is seen that when e. is nero, d^ 



is also :5ero, which means that the rate of increase or 
decrease of is zero, and therefore $ must be at either its 
maximum positive or maximum negative vauLue. Because the 
maximum positive value of the alternating current which pro- 
duces this flux is equal to its maximum negative value, the 
maximum positive and maximum negative values of are equal 
numerically hut have opposite signs. Iiet e vanish when t 
is zero, T » T, etc., and we have 



But e , integrated between the limits zero and T/2, is equal 
to the area under half the wave of tho applied e.m.f.; and 
since <(> is a maximum in one direction when t is zero and a 
maximum in the opposite direction when t is T » by sub- 
stituting n d0 10 for its equivalent e dt, we nay write 



3^ 



IT T 



T 




dt 
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i - A 10 



since f « S B 
: A 



3 = A X IC^ 



This formula prores that the raxlmirj fltix di»7i3it7 Is direct- 
ly proportional to the area of the wave of the ar/;>lle4 po- 
tential difference. ?ron the forr-^ila for the Iron losses 
given bj 3te:rr.etz, the rijaterenin loss l3 ;:ro:.ort^ on^il to 
the l.£th noTrer of an^ the edd^ c:r:'ent lonn in ;/ro;/ort- 
ional to the ZrA r^^er of B. ?h';s It fs mrt^.mr.t t/ at t; e 
iron loss in % statlo trar^sf orrvsr i3 d*r;/er,^ent ^;.o/: the ^ rea 
of half of the e.r.f. v^Te a^;lled to t?e -irv^/;- irir*". J/^;* 

It Is c-ist'r-€ir7 for rar* ^aot -rers to se" trh.r .^^r^.rz 
under a friarartee t/&t t?,e ^ror I'v^rj ^' rot er.o^e^ o*;/- 
tain Tal ie -rren t?-e ratei e**'*f* i ' ;./e;5J^'.i fc.oro>.;^ t/e ^/i--- 
arj is sire 3ho;^-* orifrjtr,' c^ri^eroJaT ro//: t?^ r^:t'^;e 

vave is self or, -j v^;^.-?, ^ # '/.^'.^^ Ve iu/*:^ o^ a ;.etrA^ 

wave is g^r^^^iter tV^^ j^r^ of a i55r*: ^^^r^^ -r- / - *,f- 
fective val^ie of ' t'-'*^': , j^/*- , ;t f i"; o^- 

sihle t' tell frv * ^^-t^t t/ ^ t'. . ^'''-'/r,. 
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$ - A 10 

Sn 

sinoe $ ■ 3 B 

B r A X 10^ 

This formula proves that the maxirniim flux density is direct- 
ly proportional to the area of the wave of the applied po- 
tential difference* Fron the formula for the iron losses 
given by Steinmetz, the hysteresis loss is proportional to 
the 1.6th power of B and the eddy current loss is proport- 
ional to the 2nd power of B* Thus it is evident that the 
iron loss in a static transformer is dependent upon the area 
of half of the e.m.f. wave applied to the primary winding. 

It is customary for manufacturers to sell transformers 
under a guarantee that the iron loss shall not exceed a cer- 
tain value when the rated e.n.f. impressed across the prim- 
ary is sine shaped. In ordinary commercial work the voltage 
wave is seldom sine shaped, and, sinoe the area of a peaked 

wave is greater than the area of a sine wave when the ef- 

(1) 

fective value of the three ra^^es are equal, it is impos- 
sible to tell from the data obtained in the tests ordinarily 
(1), Russell's Alternating Gurrnnto. ^^[^;Jg^*^oOQlc*^ 

IQltlZG y 
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made on trans fonners whether, the iron loss Is greater or 
less than guaranteed* 

In this thesis an attempt has been made to devise a 
scheme wherehy the hysteresis and eddy current losses for a 
sine shaped wave can be calculated from the data obtained in 
a test performed with an e.m.f. wave of any shape. 

Theoretical 

It has been proved that the maximum flux density, B, is 
proportional to the area imder half the wave of impressed 
e.m.f* , therefore, 

A = B (1) 

where the subscript r^ero applies to the case of a sine wave. 
For a wave of any shape 

A r X y 

where x is measured from t - o to t = T and y is the mean 
ordinate measured to the same scale. The value of x depends 
on the number of cycles that the impressed e.m.f. passes 
thru per second, and for the same frequency it has the same 
value. The value of y may be changed by changing the value 
of the impressed voltage or by changing the form of the wave 
of irpressed voltage. Since x is constant 
y r B o (2) 



For a sine wave 

yo = •fil^66 e max. 
and E • .7071 e max. 
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Where E is the effective value of the applied voltage as 
measured by a voltmeter. 



e max. = y o r E 

7S35^ TToTT 



yo = z 0.9 E 

• 7071 

Therefore from (2)^ 0^9 B s (^) 

The method by whloh it was undertaken to measure the 
mean ordinate of the wave, was to rectify the alternating 
current by means of a cell with aluminum and carbon elect- 
rodes in a suitable electrolyte • As a cell of this type will 
allow a current to pass freely when the carbon is the pos- 
itive terminal and will prevent the passage of a current 
when the aluminum' is the positive teininal, it is evident, 
that the alternating current, which changes from a positive 
maximum to a negative maximum, will be converted into a di- 
rect current which changes from a positive mx^'rum to zero, 
or, in other vi<)rdo, the negative half of the wave is cut off. 

A direct-current voltmeter of the moving coil type, ow- 
ing to the principle on which it operates, measures the mean 
potential difference between the points to which its termin- 
als are connected, and if a cell of the type mentioned above 
is placed in series with the direct -current voltmeter across 
an alternating-current voltage, the cell will rectify the 
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voltage and the voltmeter will give the nean value of the 
rectified voltage* The voltmeter reading will not equal 
the nean value of the alternatlng-ourrent voltage because 
there are losses In tho cell and because there Is a leakage 
of current when the aluminum electrode Is positive. There- 
fore It Is necessary to determine the relation between the 
voltmeter reading and the mean value of the alternating 
current voltage. 

This may be done by taking wave forms of the alternat- 
ing current by means of an on dograph and measuring the or- 
dlnates of one-half of one of the waves » and calculating the 
mean value and the II.R.S of the ordlnates. 31gnlfi/Jng the 
mean value of the ordlnates by yi and the K.R.S by Ei 



B s _y 
T^T" yT 



Let K - E 

then y - Kyi 
If Ea is the value of the rectified voltage Kr z ^7 

Where Ki Is the coefficient that the direct-current 

voltmeter reading has to be multiplied by to obtain the moan 

value of the alternating current voltage 

Then 0.9 E = Bo (4) 
Ea 

If in a test, the hysteresis loss is separated from the 

eddy current loss, the losses for a sine shaped wave can be 
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oaloulated as follows: 



It n 



a) 

^ Bo 



and ^0 




It is difficult to separate hysteresis and eddy oixrrent 
losses experimentally, "but an approximate value of the losses 
for a sine wave may he oaloulated from the data obtained in 



a test made with an e.m.f* wave of any shape as follows: 

Let q equal the ratio of hysteresis loss to the total 
loss and assume that the eddy current loss is constant , then 



The rutio q may be determined approximately "by runa at 
two frequencies using voltages proportional to the frequen- 
cies* One frequency f • , and voltage should he those used 
in the test* Under these conditions the total flux is con- 
stant because the wave form of e.m.f* is not changed by 

fl). Bulletin of Bureau of Standards, Vol. IV* p47.'^* 



(1) 



To - W - q Wo^ - - qfToh -1) 
n '^h 
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by ohanging the speed of the alternator unless the field ex- 
citation is changed, and this Is not necessary as the volt- 
age varies with the speed. Hence B Is constant and 



(1) W, s h f, b'"*- a f^B*" 

(2) = h fzB'"- a ftB* 

Dividing by the frequency and substractlng (E) from (1) 
W, - Wz = a B^ (f, - fz) 



a B = V^, - TTz 

f. fz 

f, - fz 
^1 - Whj z f fa B 



Hence q - ff^Jh - fzW, \ f, 





Digitized by 



Google 



Digiti: 



zed by Google 



9 

E3q)erlinental 

The first problem was to determine how tallj the cur- 
rent ooiild be rectified and the best electrolyte for the 
purpose* The first aluminum electrode tried, consisted of 
a wire ground to a fine point as it was assumed that this 
would allow enough current to pass to operate a direct-cur- 
rent voltmeter. For the other electrode a carbon rod of 
an arc lamp was used, and the electrolyte used was an aqu- 
eous solution of ammonium phosphate* »7ith this arrangement, 
when the cell and voltmeter were connected in series across 
a line whose potential difference was 110 volts, the read- 
ing of the direct current voltmeter depended on the depth 
that the aluminum electrode was immerged in the electrolyte* 
The highest reading, about 19 volts, was obtained when the 
electrode was adjusted so that it just touched the electro- 
lyte. 3y putting a shunt of comparatively low resistance 
across the terminals of the voltmeter, a reading of about 
35 volts was obtained. As the per-cent of current recti- 
fied is proportional to the voltmeter reading, the con- 
clusion was arrived at that the rectifying properties of 
the cell varied with the current density in the aluriinum 
electrode. 

^ave forms of the alternating-current voltage and of 
the rectified current were taken by means of a Hospitaller 
ondograph. Different electrolytes were tried such as citric 
acid, sulphuric acid, potassium acid tartrate, and sodium 
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aoid tartrate solutions. Of these, sodliun aoid tartrate 
gave the best results In the percent of current rectified 
€Uid it was used thruout the experiment. After numerous ex- 
periments in detenn^ng the proper amount of resistance to 
put in series with the cell to ensure the proper current 
density, very good results were obtained in rectifying the 
current as shown in Fig. 1. Difficulty, however, was exper- 
ienced in keeping the value of the rectified voltage constant 
impossible 

and it was foundAto take the rectified wave to the same scale 
as the alternating-current voltage. Here constant results 
were obtained by using a small plate of sheet aliuninum, and 
because the electrolyte acted on the carbon , and held small 
particles of it In suspension, the carbon electrode was ex- 
changed for lead. 

After numerous experiments the results shown in Fig. V. 
were obtained. The aluminum electrode used, when those 
curves were taken, was about 4 sq. inches in area, and the 
other electrode consisted of two lead plates each larger than 
the aluminum electrode and fastened on each side of it, leav- 
ing a space of about one-eight inch between each sheet of 
lead and the sheet of aluminim. The lead plates were elect- 
rically connected and in this way a short path thru the 
electrolyte was ensured for the current . To connect the 
aluminum electrode to the electric circuit the aluminum 
plate was cut so that a narrow strip protruded out of the 

electrolyte and this strip was insulated by a rubber tube 
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to prevent leakage at the siirfaoe of the electrolyte. A 
shrnit of 1*54 ohms was used aoross the voltmeter so that a 
sufficient amount of current would flow. 

^Ith the above electrodes the same electrolytes were 
tried as with the aluminum point and the solution of sodium 
acid tartrate was again found to give the best results. Un- 
der certain conditions the direct -current reading could be 
brought up to 42 volts when the altomatlng-current voltage 
was 111.0 volts but could not be kept at that high value. 
After numerous experiments under different conditions t the 
conclusion was arrived at that, with the conditions In the 
alternating-circuit remaining constant, the direct-current 
voltmeter reading depended on 

1. The electrolyte used. 

2. The resistance in the shunt across the voltmeter. 
S. The temperature of the electrolyte. 

4. The time that the aluminum electrode was used. 

It was found that with all other conditions constant 
the voltmeter reading fell after the aluminum electrode had 
been in use about an hour and that by renewing the aluminum, 
after about five minutes, the time necessary to form the 
insulating film, the direct-current voltmeter reading would 
rise to its first value. This is contrary to the experience 
of others and the reason for it is unknown. Most author- 
ities state that the film should be allowed to form one or 

two hours to a day, but when this was tried the results were 
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not 30 good as when the film was fomed in five minutes. 

To determine whether the direot-current voltmeter would 
give readings in proportion to the mean value of the ordin- 
ate s of the alternating-current voltage waves when the value 
of the voltage and the form of the voltage waves were changed, 
the wave forms shown in Fig. J5 and Fig. 4 were taken. It was 
found less difficult to keep the reading of the direct-cur- 
rent voltmeter constant at values lower than those which 
could be obtained under certain conditions. Before the 
curves in Fig. 7 were taken, the reading was allowed to drop 
to 36 volts when the alternating-current voltage was 111.0 
volts and was kept constant at that point by keeping the tem- 
perature constant by packing the cell in ice# The curves in 
Fig. 3 were taken for these voltage vnlnes and the curves 
in Fig. 4 were taken by changing the connections of the cell 
to another line on which the voltage was 54*5 volts* In 
this case the reading of the direct-current voltmeter was 
17 #6 volts. To insure that no change had taken place in the 
cell it was immediately changed back to the first line af- 
ter the c irves had been taken and when the direct-current 
voltmeter reading was compared with its first value the 
readings were found to check. 
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Results. 

Alternating -current voltage =111*0 volts* 
Dlreot -current voltmeter readlng=36.0 volts* 



Alternating-Current 
Voltage Wave 



Recti fied-Cnrrent 
Voltage Wave 
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Al t e rna t ing-G urrent 



Voltage Tave 



Deg. 


y 


y* 
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(Continued) 

Recti fled-Ciirrent 
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Alternating-Current Voltage Wave* 
Effective value, 54.5 volts* 
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Mean y z 13.065 M. R. 3. - 14.77 
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Reotified-Ciirrent Voltaee War©. 

liean value, 17,6 volts. 
Effective value of impressed voltage. 
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162.5 


2.0 


72.5 


-2.0 


167.5 


2.2 


77.5 


-2.0 


172.5 


2.5 


82.5 


-1.8 


177,5 


2.7 


87.5 


-1.8 


182.5 


3.0 


92.5 


-1.8 


187.5 


3.1 






192.5 


3.9 
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Reotifled-Current Voltage Wave, (oontlntied) 

liean value, 17.6 volts. 
Effective value of Impresaed voltage. 



Degrees 


yi 


Degrees 


y. 


197.5 


4.6 


282.5 


16.9 


208.5 


6.0 


287.5 


16.5 


207.5 


6.9 


292.5 


15.2 


212.5 


8.4 


292,5 


14.8 


217.5 


9.9 


302.5 


14.0 


222.5 


10.7 


307.5 


13.0 


227.6 


12.0 


312.5 


11.9 


232.5 


13.0 


317.5 


10.3 


237.5 


13.9 


322.5 


9.3 


242.5 


14.6 


3n7.5 


8.0 


247.5 


15.1 


332.5 


7.0 


252.5 


16.0 


337.5 


5.0 


257.5 


16.5 


342.5 


3.9 


262.5 


17.0 


347.5 


2.4 


267.5 


17.1 


352.5 


1.2 


272.5 


17.0 


357.5 


1.0 


277.5 


16.9 


362.5 







347.5 


Mean y, = 4.82 
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E » 111, S a » 36 
M. R. S of Ordinate 3 s 30.55 
Average Ordinate = 27. 12? 
Average Ordinate Ueotlfled wave = 10.05 

K = 111 = 3.633 

7 = 27.12 X 3.633 r 98.53 volts. 

Ki - 98.53 - 2.737 
SIT- ' 

Form factor of wave s 111 s 1.126 

Bo = 0.9 3c 111 z 1.0149 
T~ 98.53 

K X mean ordinate of rectified wave z 3.633 x 10.05 

3 36.51 



E z 54.5 E a = 17.6 

M. n. S. of Ordinates s 14.77 

Average ordinate = 13.065 

Average ordinate of rectified wave s 4.82 

K z 54.5 r 3.689 
14.77 

7 Z 13.065 n 7,688 z 48.196 volts. 

Ki - 48.196 = 2.739 
17.5 

Form factor of wave - 54.5 - 1.131 ^ 

" 48.184 " Digitized by Google 
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Google 



Bo/B s .9 X 5A.5 
48.196 
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- 1.0179 



K X mean ordinate of rectified wave = 17.77 



Conclusion 

From the results obtained it is seen that the mean value 
of the alternating current can he calculated from the direct- 
current voltmeter reading, for if the reading obtained in 
the second case were multiplied by the coefficient, Ki ob- 
tained in the first case, the mean value of the voltage 
would become 48.07 instead of 48.196 as calculated. This 
is as accurate a result as can be expected as it is not pos- 
sible to read the voltmeter closer than 0.1 volt. The mean 
ordinate o^ the rectified wave multiplied by K should equal 
the direct-current voltmeter reading but in both cases it is 
slightly larger. This however does no"»: effect the results, 
it only shows that the waves of alternating-current voltage 
and rectified current were not taken to the same scale. 

Unless some means could be devised so that the direct- 
current voltmeter would give a constant reading when connect- 
ed in series with the rectifying cell, across a line with 
conditions in the line constant, and give the same reading 
every time, this method of determining the m.ean ordinate of 
voltage waves is not practical, because, for every change 
in the reading of the voltmeter, caused by a change of con- 
dition in the cell, the coefficient, K , changes, and when 
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applied to another oiroult it is impossible to tell whether 
the oonditions in the oell have remained constant or not* 
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